Objective: To comprehensively investigate the relationship between antibodies to single glycolipids and their complexes and Guillain-Barré syndrome subtypes and clinical features.
Guillain-Barré syndrome (GBS) is an acute immune-mediated polyneuropathy with 2 major subtypes: acute inflammatory demyelinating polyneuropathy (AIDP) and acute motor axonal neuropathy (AMAN). 1 Within the axonal subtype, there are now recognized variants evident on nerve conduction studies (NCS), which demonstrate early reversible conduction failure, referred to as acute motor conduction block neuropathy (AMCBN). 2 There is robust evidence that immunoglobulin G (IgG) anti-ganglioside antibodies are associated with the pathogenesis of AMAN, whereas the target antigens in AIDP remain elusive. 3 In 2004, antibodies to ganglioside complexes (GSCs) were reported in patients with GBS. 4 The patients who were seronegative for antibodies to single gangliosides were found to have anti-GSC antibodies. The authors have since described further associations between anti-GSC antibodies and variants of GBS. This includes antibodies to LM1 and its complexes in AIDP, 5 to complex of GM1 and GalNAc-GD1a (GM1/GalNAc-GD1a) in AMCBN, 6 and to complexes of GD1a/GD1b and GD1b/GT1b in patients with GBS requiring artificial ventilation.
In the current study, we aimed to investigate the relationship between anti-GSC antibodies and specific clinical features of GBS as well as the electrodiagnostic subtypes of GBS, the latter based on serial NCS in a large cohort of patients from different geographical locations.
METHODS Serum samples. Acute phase sera were collected from patients with GBS presenting consecutively to 5 different centers, namely, University Malaya Medical Centre in Malaysia, National Neuroscience Institute and National University Hospital in Singapore, and Dokkyo Medical University and Chiba University in Japan. Patients from Malaysia and Singapore were prospectively recruited from 2010 to 2012. Patients recruited from the Japanese cohort were consecutively seen between 1998 and 2012. A total of 199 patients (Malaysia, 22; Singapore, 33; Japan, 144) with GBS were recruited. The clinical features in each patient, specifically, the presence of ophthalmoplegia, bulbar palsy, facial palsy, sensory impairment, and respiratory failure necessitating artificial ventilation were documented by the respective neurologists from each center.
Standard protocol approvals and patient consents.
Patients' informed written consents, clinical data, and sera samples were obtained following protocol approved by the respective institution's ethics committee.
Nerve conduction studies. NCS were performed at presentation and repeated subsequently within a period of 3 to 6 weeks. The electrodiagnosis of GBS was initially defined according to existing criteria. 1 However, a final electrodiagnosis was made after the second NCS. The final electrodiagnoses were AIDP, AMAN (which included both AMCBN and acute motor and sensory axonal neuropathy subtypes), and unclassified. In a separate analysis, patients exhibiting the presence of reversible conduction failure defined by a decrease of proximal to distal compound motor action potential amplitude by 50% in intermediate nerve segments without temporal dispersion were considered to have AMCBN, a less severe form of AMAN. 8 ELISA. Serologic analyses were performed for IgG antibodies to single glycolipids including gangliosides (LM1, GM1, GM1b, GD1a, GalNAc-GD1a, GD1b, GT1a, GT1b, and GQ1b) and a neutral glycolipid, asialo-GM1 (GA1), using ELISA. 9 Patients' sera were also assessed for IgG antibodies to GSC, which were tested with a mixture of individual glycolipids at 5 pmol/well each. Antiglycolipid and -GSC antibodies were considered positive when the optical density was greater than 0.5 of the sum of antibodies to individual antigens. The tests were performed in quadruplicate and a mean of the optical density value was measured.
Statistical analysis. Classification of evidence. The primary objectives of our study were to describe the relationship between antibodies against single glycolipids and glycolipid complexes and GBS subtypes. The study provides Class II evidence that antibodies to single glycolipids and glycolipid complexes are increased in AMAN and AMCBN but not AIDP.
RESULTS
Comparison between the MalaysianSingaporean and Japanese cohorts. The presence of ophthalmoplegia, facial palsy, bulbar weakness, sensory impairment, and need for artificial ventilation were significantly more frequent in the Malaysian-Singaporean (n 5 55) than the Japanese cohort (n 5 144) (table 1). Electrodiagnosis between the 2 cohorts reached no significant difference in AIDP and AMAN, but there were significantly more cases that were unclassified in the Japanese cohort. In contrast, more patients were seen to have reversible conduction failure in keeping with AMCBN in the Malaysian-Singaporean cohort. Despite the differences in the clinical patterns, there were no significant differences between seropositivity for either anti-ganglioside alone or anti-GSC alone between the cohorts.
In both cohorts, there was a significant association between the presence of antibodies to single glycolipids and AMAN as well as the absence of anti-ganglioside antibodies and AIDP (table 2). The same pattern was also observed with anti-GSC antibodies, but only in the Japanese cohort. The relationships among anti-glycolipid or -GSC antibodies, the GBS subtypes, and various clinical features were further analyzed in the entire group (tables 3 and 4). AMCBN was associated with anti-GM1, -GalNAcGD1a, and -GD1b antibodies as well as anti-LM1/ GA1 antibodies. In contrast, AIDP was not significantly associated with any of the glycolipids or GSCs.
Regarding the clinical features, significant associations were detected between IgG anti-GT1a and -GQ1b antibodies and ophthalmoplegia (table 4) . Patients with IgG anti-GM1, -GalNAc-GD1a, -GD1a, and -GA1 antibodies were less likely to have facial palsy, and those with IgG anti-GalNAc-GD1a antibodies were also less likely to have bulbar palsy. In addition, sensory impairment was less likely to be demonstrated in patients who had IgG anti-GM1, -GalNAc-GD1a, -GA1, -LM1/ GA1, -GM1/GalNAc-GD1a, and -GM1b/GA1 antibodies. The need for artificial ventilation showed no significant association with the presence of IgG antibodies to glycolipids or GSCs. DISCUSSION In the current study, we investigated the relationship between anti-glycolipid or -GSC antibodies with electrophysiologic subtypes or specific clinical features of GBS. Patients were recruited from 2 geographical locations: Southeast Asia (represented by Malaysia and Singapore) and Japan. Although a comparison between the 2 cohorts revealed differences in the frequencies of certain clinical features, neither the electrodiagnostic classification of AIDP and AMAN nor the serologic analyses were significantly different. Analyses of the entire cohort revealed that significant associations of antibodies to certain single glycolipids and GSCs were evident in patients with an electrodiagnosis of AMAN but not AIDP. There were also specific antibodies that were significantly associated with reversible conduction failure as well as certain clinical characteristics such as ophthalmoplegia and bulbar palsy.
In a previous comparative study between Japanese and Italian cohorts, no significant differences were found in the final GBS electrodiagnosis (also based on serial studies) and anti-ganglioside antibodies. 10 The current study also demonstrates that both GBS cohorts from Southeast Asia and Japan were not significantly different regarding the final electrodiagnoses of AIDP and AMAN or their serologic reactivities. The majority of seropositive patients had IgG antibodies to single glycolipids (with some also reacting to GSCs). In Table 2 Antibodies to glycolipids and ganglioside complexes in Malaysian/Singaporean and Japanese populations seronegative patients, analysis of IgG antibodies to GSC identified a further 7 patients. GSCs are thought to represent new clustered epitopes that are recognized by antibodies that would normally not recognize epitopes of a single glycolipid. LM1 is a predominant peripheral nerve ganglioside, localized in motor nerve myelin, 11, 12 and thus it is possible that antibodies to LM1 and its complexes are involved in the development of AIDP. Several studies have investigated the presence of both IgG and IgM anti-LM1 antibodies in GBS, and the results have been variable. The frequencies range from 43% 13 and 23% of patients with GBS 14 to less than 10% of GBS in other series. [15] [16] [17] In a more recent study, a significant association of AIDP with antibodies to LM1 and its complexes was reported. 5 However, in the current study, we did not detect as strong an association of AIDP with IgG antibodies to LM1 and its complexes making it less likely that LM1 or its complexes are target antigens, at least in AIDP. Instead, we found that the LM1/GA1 complex was significantly associated with AMAN, reversible conduction failure or AMCBN, and the absence of sensory impairment. In previous studies, the electrodiagnosis of GBS was based on a single study. Given our current understanding that the neurophysiologic findings in GBS can rapidly change in the early stages of the disease, we believe that the diagnosis of AIDP was likely to have been overestimated. Based on our findings, pathogenic autoantibodies involved in AIDP remain elusive.
Certain electrophysiologic features, such as reversible conduction failure, have previously been associated with the presence of IgG antibodies to specific gangliosides, namely, GM1. [18] [19] [20] [21] In the current study, we found significant associations of reversible conduction failure with IgG anti-GM1, -GalNAc-GD1a, -GD1b, and -LM1/GA1 antibodies. Reversible conduction failure was first described in 1998 and this was followed by reports of similar findings in other cohorts. 18 Some authors have referred to patients with such features as having AMCBN, associated with a better prognosis in comparison to AMAN. AMCBN is a predominantly motor neuropathy and thus it is not surprising to find associations with IgG anti-GM1 and -GalNAc-GD1a antibodies, both of which have been described in AMAN. Notably, there were significantly more patients with AMCBN in the Southeast Asian cohort compared with the Japanese cohort, and the significance of this merits further study in a larger cohort.
Previous studies have provided evidence that IgG anti-GM1 or -GD1a antibodies are pathogenic in the development of AMAN. 22 Several clinical patterns have since been described in association with certain anti-ganglioside antibodies. This includes the association of pure motor GBS with IgG anti-GM1/ GalNAc-GD1a antibodies 6 and IgG antibodies to Represents the single gangliosides and ganglioside complexes that showed a significant association with the electrodiagnostic subtypes.
GD1a/GD1b and GD1b/GT1b with the need for artificial ventilation. 7 We investigated the various clinical features and their associations with seropositivity in our cohort. We found that patients who lacked sensory impairment (indicating a predominant motor form of GBS) were significantly associated with IgG antibodies to GM1, GalNAc-GD1a, and GA1 as well as IgG antibodies to LM1/GA1, GM1/ GalNAc-GD1a, and GM1b/GA1. In contrast, none of the patients who required mechanical ventilation had significant associations with anti-GQ1b antibodies, which has previously been reported to be predictive of mechanical ventilation. 23 Of note, in the current study, only one patient was seropositive for anti-GD1a/GD1b and none for GD1b/GT1b, both of which have also been postulated to have associations with severity of GBS. 7 The presence of ophthalmoplegia and bulbar palsy was associated with IgG anti-GQ1b antibodies, in keeping with previous reports. 24, 25 Ophthalmoplegia is a key feature of Fisher syndrome, which has a strong association with anti-GQ1b antibodies, 25 whereas bulbar palsy is typically seen in patients with the pharyngeal-cervical-brachial variant of GBS, which is associated with monospecific anti-GT1a antibodies. 26, 27 In the current study, the association of bulbar palsy with anti-GT1a antibodies did not reach significance. Instead, anti-GQ1b antibodies, which are recognized to crossreact with GT1a, were significantly associated with bulbar palsy. 25 This association has been demonstrated in previous studies comparing GBS with and without bulbar palsy. 28 None of the patients in the current cohort had monospecific anti-GT1a antibodies. Contrary to previous reports, antibodies to GSCs were not significantly higher in either group of patients with ophthalmoplegia or bulbar palsy. 7 In our cohort, the presence of facial palsy was associated with a diagnosis of AIDP without significant serologic associations. Instead, the presence of IgG anti-GM1, -GalNAc-GD1a, -GD1b, and -GA1 antibodies was less likely to result in the development of facial palsy. Facial palsy in GBS has been described to occur in almost 60% of patients with GBS, 29 and there are reports that recognize the presence of "bifacial weakness and paraesthesia" as a variant of AIDP. 30, 31 Our studies would support this hypothesis and that there are as yet no specific antigens that can be associated with facial palsy.
Before the current work, the majority of the literature on GSCs and the clinical characteristics associated with them has originated from a different Japanese cohort. 4 Although our findings share similarities to their cohort, there were also discrepancies such as the lack of association of antibodies to LM1 and LM1 complexes in AIDP. The most apparent reason for the differences is the different methodologies in Table 4 Relationship of clinical features with antibodies to glycolipids and ganglioside complexes Represents the single gangliosides and ganglioside complexes that showed significant associations with the different clinical features. Artificial ventilation was found not to be significantly associated with any glycolipids or glycolipid complex.
serologic analyses by ELISA and GBS electrodiagnosis. In comparison to previous studies, our serologic analyses utilized a reduced amount of antigen (e.g., GM1, 7.5 vs 200 ng) and a higher serum and secondary antibody dilution (1:500 and 1:2,000 vs 1:40 and 1:500, respectively). The optical density value for seropositivity also differed ($0.5 in the current study vs .0.1 in single gangliosides and .0.2 in GSCs in other studies).
We believe that the methodology adopted in our study would result in more specific findings. The final electrodiagnostic criteria in the current study were based on serial studies, taking into account the existing limitations of a single study. 2 In contrast, other studies have used different criteria based on one study, which may overestimate AIDP. 32 In a more recent study, antibodies to glycolipid complexes were assessed in sera from a Western European cohort utilizing the combinatorial glycoarray method. 33 The method differs from traditional ELISA, and discrepancies of results obtained from ELISA were noted by the authors. In the study, a large number of heterodimeric glycolipid complexes were assessed (n 5 162) and the authors found an increase in seropositivity to the glycolipid complexes of patients with "demyelinating" GBS or unclassified. Similar to previous studies, the GBS electrodiagnoses were based on a single NCS. These are some of the limitations of the current study and highlight the importance of standardizing methodology of serology and electrophysiology among investigators to allow for improved and more valid comparisons of GBS patterns between cohorts. One likely platform for such work to be done could be the ongoing multicentered International GBS Outcome Study, recently initiated by the Inflammatory Neuropathy Consortium.
The current study of a large multicentered GBS population suggests that antibodies to glycolipids and GSCs are associated with classical AMAN and AMCBN but not demyelinating GBS. Future work incorporating standardized methodology, including reliable electrodiagnostic criteria for classifying GBS subtypes, is required to better clarify the true relationship between antibodies to glycolipids and GSCs and the clinical and electrophysiologic patterns.
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